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Abstract
The responses of neurons in the primate and cat primary visual cortices (V1s) to the stimuli within their classical receptive ﬁelds
(CRFs) are markedly suppressed by the surrounding stimuli outside CRFs. In the present study, we show that a similar suppressive
eﬀect occurs for visually evoked magnetic responses in the human visual cortex. The initial peak amplitude of the magnetic response
(at a latency of around 90 ms) to a test grating accompanied by high-contrast surround gratings was smaller than that for the test
without the surround. Current source localization with a single dipole model indicated that the initial response originated from
cortical activity near the occipital pole in the contralateral hemisphere to the visual stimulation. The peak amplitude for the test
decreased with increasing surround contrast, and increased with increasing test contrast. The contrast dependence and the early
development of the surround suppression were in agreement with the results of the V1 single-cell studies of monkeys and cats. We
suggest that the surround suppression of the initial peak amplitude of the magnetic response may be ascribed to the inhibition of the
neural activity at the early processing stage(s), presumably at V1, in the human visual cortex.
 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction
It is well established that the initial stage of visual
processing is mediated by neurons which are sensitive to
the luminance contrast of a stimulus presented within
their classical receptive ﬁelds (CRFs), rather than to the
absolute point-by-point luminance levels. Correspond-
ing to this physiological composition, most of the cur-
rent models of human visual information processing are
equipped with front-end contrast-sensitive ﬁlters. Pro-
cessing of luminance-contrast information has thus been
thought to be one of the fundamental tasks for the bi-
ological visual system and has long been a primary
concern of sensory physiology and psychophysics.
It is also well known that the responses of the con-
trast-sensitive neurons in the primary visual cortices
(V1s) of primates and cats may be profoundly modu-
lated by surround stimuli presented outside the CRFs.
Such eﬀects, recently denoted by a generic term of
‘contextual modulation’ (Zipser, Lamme, & Schiller,
1996), are facilitatory or inhibitory depending on the
types of neurons and the spatiotemporal as well as other
parameters of the stimulus. It has been suggested that
the contextual modulation may be a manifestation of
the neurons’ ability to encode global properties of the
stimulus such as the ﬁgure-ground relationship and
medial axis of a surface as well as local properties of
edges and texture boundaries and so on (e.g., Lee,
Mumford, Romero, & Lamme, 1998).
In the present study, we focus on one aspect of the
contextual modulation which appears to bear a close
relationship to neural processing of stimulus contrast
in the human visual cortex. Single-cell studies of the
monkey and cat V1 have shown that the neuron re-
sponse to a grating or a bar within CRF can be pro-
foundly suppressed by the surround gratings or bars
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outside CRF (Blakemore & Tobin, 1972; DeAngelis,
Freeman, & Ohzawa, 1994; Fries, Albus, & Creutzfeldt,
1977; Gilbert & Wiesel, 1990; Knierim & Van Essen,
1992; Levitt & Lund, 1997; Li & Li, 1994; Maﬀei &
Fiorentini, 1976; Sillito, 1977; Sillito, Grieve, Jones,
Cudeiro, & Davis, 1995). Relatively little is known,
however, about how the surround stimulus aﬀects the
processing of stimulus contrast in the human brain. The
purpose of the present study was to show, using
the technique of magnetoencephalography (MEG), that
a similar suppressive eﬀect by the surround stimulus
occurs at the early level(s) of the human visual cortex,
and to examine the quantitative relationship between
the suppressive eﬀect on the visually evoked magnetic
response and the stimulus contrast.
2. Methods
2.1. Visual stimuli
Visual stimuli were generated using a VSG 2=3 stim-
ulus generator (Cambridge Research Systems) housed
in an AT compatible personal computer with a 60 Hz
refresh rate and 12-bit luminance resolution for each of
the R, G and B channels. The stimuli were rear projected
from a Digital Micromirror Device (DMD) projec-
tor (PLUS, U2-1130) placed outside the magnetically
shielded room onto a translucent screen in the room
which was located 150 cm from the subject’s eyes. The
spatial conﬁguration of the stimulus is schematically il-
lustrated in Fig. 1. The whole display subtended 26.6
deg (W; 1024 pixels) by 19.7 deg (H; 768 pixels). The test
stimulus was a black/white vertical sinusoidal grating
which subtended 12.1 deg by 4.1 deg and was centered
7.3 deg right of the center of the display. The test grating
was ﬂanked by surround gratings in the upper and the
lower visual ﬁelds each of which subtended 12.1 deg by
7.8 deg. The spatial frequency of the test and the sur-
round gratings was 3.0 cpd, and their luminance con-
trast, deﬁned as ðLmax  LminÞ=ðLmax þ LminÞ, was varied
depending on the experimental condition. The mean
luminance and the CIE chromaticity coordinates of the
display, measured using a PhotoResearch Spectropho-
tometer (PR704), were 265 cd/m2 and (0.331, 0.370),
respectively. The display region outside the test and the
surround was kept uniform at the mean luminance level.
A ﬁxation marker was presented continuously at the
center of the display. There was no illumination within
the magnetically shielded room except the light from the
projector.
In a typical trial, the surround was presented for 1000
ms, and the test for 500 ms with a stimulus-onset
asynchrony (SOA) of 500 ms, i.e., for the initial 500 ms
of a trial, only the surround was presented, and for the
subsequent 500 ms both the test and the surround were
presented. By introducing the SOA, the magnetic re-
sponses for the test and the surround could be easily
discriminated along the time axis. To avoid contrast
adaptation due to repetitive stimulus presentation, the
phase of the stimulus gratings was randomized across
trials, while the test and the surround were always pre-
sented in-phase (i.e., the phase diﬀerence was 0 deg).
Within an experimental session, stimuli with diﬀerent
experimental variables (e.g., the test contrast and the
surround contrast) were randomized across trials. Each
trial was initiated by the subject covering the end of the
optical ﬁber (used as a switch) with his ﬁnger. The inter-
trial interval was approximately 2000 ms, but subse-
quent trials could be suspended by the subject opening
the switch.
2.2. Magnetoencephalography measurements
Visually evoked magnetic responses were recorded in
the magnetically shielded room using a whole-head 201-
channel MEG system (Shimadzu Corporation). Each
channel of the system consisted of a SQUID sensor unit
which was composed of an axial gradiometer, i.e., a pair
of ﬁrst-order pick-up coils, with a baseline of 50 mm.
Each coil of the gradiometer was circular with a dia-
meter of 23 mm. The noise level of each channel was
below 10 fT/
ﬃﬃﬃﬃﬃﬃ
Hz
p
. The gradiometers were distributed
Fig. 1. Spatial conﬁguration of the stimulus. The test stimulus was a
black/white vertical sinusoidal grating which subtended 12.1 deg by 4.1
deg and was centered at 7.3 deg right to the center of the display. The
test grating was ﬂanked by surround gratings in the upper and the
lower visual ﬁelds each of which subtended 12.1 deg by 7.8 deg.
The spatial frequency of the test and the surround gratings was 3.0
cpd.
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with 2.5 cm spacing and resided in a helmet-shaped ﬁ-
berglass helium dewar (21 cm in diameter along the
sagital axis, 18.5 cm along the coronal axis, 19.3 cm in
height) covering the whole head of the subject.
During an experimental session, the subject was se-
ated on an experimental chair and ﬁxated binocularly on
the center of the stimulus display. The subject’s head
was stabilized rigidly by ‘sandwiching’ the head between
the chin-rest and the dewar. Four ﬂat positioning coils
(8.4 mm in outer diameter, 60 turns) were attached to
the subject’s head; two above the eyebrows, and the
other two just in front of the tragi. Coil positioning
measurement was conducted before the MEG mea-
surements by passing tiny currents (max. 8 mA, 10 Hz)
through the coils. The magnetic ﬁelds from the coils
were measured, and the position of the subject’s head
was digitized and converted to the XYZ-coordinates of
the MEG system.
In each MEG measurement, the magnetic response
within a period of 100 ms before the beginning of a trial
was used to calculate the noise level, and the visually
evoked magnetic response was evaluated with reference
to the noise level. The magnetic response was bandpass
ﬁltered (1 Hz analog high-pass ﬁltering (without any
delay) followed by 100 Hz digital low-pass ﬁltering),
sampled at 1 kHz for 1024 or 4096 ms, and digitized at
16-bit resolution. For each stimulus condition, 80–200
trials were executed and the magnetic responses were
averaged over all the trials. A total of 100–640 trials
(depending on the number of the stimulus conditions)
were executed in a single session.
Since the present study was concerned with the neural
activity in the visual cortex, the data from the 74
channels covering the occipital region of the brain were
selected for the analyses described below. As shown
later, the selected channels encompassed the region of
the head from which most of the evoked response was
obtained (see the magnetic ﬁeld maps in Fig. 2). For
each averaged response, the magnetic ﬁeld power GðtÞ
was calculated as
GðtÞ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
P74
i¼1
BiðtÞ2
74
vuuut
ð1Þ
where BiðtÞ is the averaged signal from the channel i at
time t.
Based on the data from the 74 channels, localization
of a single equivalent dipole was applied for the initial
component of the magnetic response by using a spheri-
cal conductor model that approximated the subject’s
head shape. The volume current within the sphere and
the current of the dipole were taken into account in the
calculation of the magnetic response. The radius and
the center of the sphere were determined by a ﬁt of the
sphere surface to the digitized points on the posterior
part of the inner surface of the skull. The three-dimen-
sional (3-D) coordinates, the direction of current and
moment of the dipole were obtained within the head
coordinates. The calculated dipole sources were assessed
in terms of reliability which was evaluated with the
goodness of ﬁt (GOF; %), deﬁned as
GOF ¼ 1
h

X
ðBmeas  BmodelÞ2
X.
ðBmeasÞ2
i
 100
ð2Þ
where Bmeas are the measured signals, and Bmodel the
corresponding signals produced by the model; the sums
are over the 74 channels.
The calculated dipole source was co-registered with
the magnetic resonance images (MRIs) of the subject’s
brain obtained using a 1.5 T magnetic resonance scanner
Fig. 2. The visually evoked magnetic responses for one subject (S1).
Panel (a) shows the data for the test without the surround and panel
(b) the test with the surround. In each panel, the upper portion indi-
cates the radial components of the magnetic responses obtained from
the 74 channels. The lower portion indicates the pseudo-colored
magnetic ﬁeld maps at the peak latency of the initial response for the
test. Test contrast ¼ 0:4: surround contrast ¼ 0:8.
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(Marconi, Magnex Eclips) with 1 1 1 mm3 voxel
size. Before the MEG session(s) on each experimental
day, the 3-D shape of each subject’s face, with the lo-
cations of the positioning coils clearly marked, was
digitized from the front, left and right at angles of about
45 deg with a 3-D non-contact digitizing system (Mi-
nolta, VIVID-700) which had a spatial resolution of
1 mm 1 mm ðin the front-parallel planeÞ  0:35 mm
(along the sagital axis). The digitized image was ﬁtted to
the MRI image of the subject using the least-squares
method, and the locations of the positioning coils on the
MRI image were determined. After the co-registration,
the calculated dipole was displayed on the MRIs of the
subject.
2.3. Subjects
Four healthy subjects with no past history of psy-
chiatric or neurological diseases (aged 21–44 year) par-
ticipated in the experiments. All were male and had
normal or corrected-to-normal visual acuity. One sub-
ject (S2) had deuteranopia and the other three were
normal trichromats. The experiments were conducted
according to the experimental regulations of Ethics
Committee for Human and Animal Research of the
Graduate School of Human and Environmental Studies
of Kyoto University, after receiving informed consent to
the aim and the experimental procedures of the present
study from all subjects.
3. Results
3.1. Experiment 1: suppression of the magnetic response
by the surround
Fig. 2 shows examples of the magnetic response ob-
tained for one subject (S1). The test contrast was 0.4 and
the surround contrast was 0.8. Panel (a) is for the test
without the surround and panel (b) is for the test with
the surround. In the upper portion of each panel, the
radial components of the magnetic response obtained
from the 74 channels are shown as a function of time
from 100 ms before the beginning of the trial. The
positive and the negative values indicate the magnetic
ﬁelds ﬂowing outward from and inward into the head,
respectively. For the test without the surround (panel
(a)), a large and sharp deﬂection from the noise level is
evoked at Lt ¼ 87 ms (Lt is the time from the onset of the
test) followed by smaller and ﬂuctuating ones at Lt ¼
100–200 ms. For the test with the surround (panel (b)),
four prominent responses are discerned. For the sur-
round, the radial components show a large and sharp
deﬂection at Ls ¼ 86 ms (Ls is the time from the onset
of the surround), and smaller and ﬂuctuating ones at
Ls ¼ 100–200 ms. 1 For the test, they show a small but
sharp deﬂection at Lt ¼ 85 ms and ﬂuctuating ones at
Lt ¼ 100–200 ms. By comparing the magnetic responses
in the two panels, it is noted that the amplitude of the
initial response for the test with the surround is smaller
than that for the test without the surround. Interest-
ingly, in spite of the clear reduction of the response
amplitude, the latency of the former is almost the same
as the latter (85 vs. 87 ms). This indicates that the
magnetic response for the test is suppressed or inhibited
by the surround without being accompanied by a delay
in the response.
In the lower portion of each panel, a pseudo-colored
magnetic ﬁeld map at the peak latency for the test is
shown. The 74 channels used for the analyses are indi-
cated by the white squares. The pattern of the response
for the test without the surround (panel (a)) is very
similar to that for the test with the surround (panel (b)),
except that the response amplitudes for the latter are
smaller (as shown by the map colors) than those for the
former. This suggests that the cortical area(s) generating
the magnetic response may be identical for the two test
stimuli.
3.2. Magnetic ﬁeld power
Fig. 3 shows the time course of the magnetic ﬁeld
power [GðtÞ] for the four subjects calculated by using Eq.
(1). In each panel, the solid curve is for the test without
the surround and the dotted curve is for the test with the
surround. The original data for S1 are the same as
shown in Fig. 2. The test contrast was 0.8 for S4 and 0.4
for the other three. The surround contrast was 0.8. For
all the subjects, the magnetic ﬁeld power shows distinct
peaks for the test and/or for the surround, but there is
considerable inter-subject variation with respect not
only to the (peak) amplitude (e.g., compare the coordi-
nate scales for S1 and S2 with those for S3 and S4) but
also to the waveform of the ﬁeld power (e.g., compare
the data for S1 with those for S3). The inter-subject
variation may be due to MEG being sensitive only to the
component of the cortical currents parallel to the surface
of the brain, so that the evoked signal is critically de-
pendent on the anatomical structure of the visual cortex
(and on higher-order attentional factors as well; cf.,
Anderson, Holliday, & Harding, 1999).
1 Another line of research in our laboratory (Ohtani et al., 1999) has
shown that the amplitude of the later component is greatly reduced or
nearly eliminated by ﬁlling the central uniform ﬁeld (reserved for the
test in the present experiments) with the same grating component as
the upper and the lower ones (i.e., by presenting a single large grating
patch). This component may be related to contour perception and/or
perceptual segregation rather than the contrast suppression examined
in this study.
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In spite of the inter-subject variation, it is noted that,
for all the subjects, the magnetic response shows a sharp
and distinctive initial peak at the latency around 90 ms,
and that the initial peak amplitude for the test with the
surround is smaller than that for the test without the
surround. Further, the initial peak latency for the test
with the surround is nearly the same as that for the test
without the surround. Thus one may say that the sur-
round suppression with little change in the latency is a
common phenomenon observed in the initial peak of the
magnetic response.
3.3. Current source localization
To examine the cortical area in which the surround
suppression took place, the magnetic responses for the
test without the surround were measured in six MEG
sessions (100 trials each), and, for the data of each ses-
sion, current source localization with a single dipole
model was carried out at the initial peak latency of the
magnetic response. Table 1 shows the averages of the
data (the peak latency, GOF, and Talairach coordinates
of the estimated current source) for the six sessions. Fig.
4 shows the representative results obtained in a single
session for each subject: the estimated dipole location
(indicated by a white circle) and the current direction
(indicated by a white line) are superimposed on the
MRIs of each subject.
Generally speaking, the magnetic response is gener-
ated by neural activities in multiple cortical areas, and
source localizations with the single dipole model are
often problematic. However, given the fairly high GOF
values (>96%) shown in Table 1, we may say that, as far
as the initial peak response is concerned, the present data
for all the subjects are well described by the model (This
does not, of course, preclude the possibility that the
initial response may still be generated by neural activities
in multiple areas (e.g., V1, V2 and V3). If so, the esti-
mated dipole location should be considered as ‘a center
of gravity’ of active areas.). For S1 and S2, the estimated
dipoles are located near the occipital pole and slightly
below the calcarine sulcus of the left hemisphere which is
contralateral to the visual stimulation. It is thus rea-
sonable to suppose that the initial peak response and its
reduction by the surround reﬂect mainly the neuronal
activity and inhibitory interaction(s) in V1 and/or V2.
For S3 and S4, the estimated dipoles are located more
ventrally (S3) or ventro-laterally (S4), but taking into
account that the peak latencies for these subjects are
very similar to those for the other two (diﬀerence 510
ms for S3 and 53 ms for S4; see Table 1), it seems un-
likely that the initial peak responses for S3 and S4 were
generated by neural activities in totally diﬀerent area(s)
Table 1
Peak latency, GOF and Talairach coordinates of the estimated current source
Subject Latency (ms) GOF (%) Talairach coordinates
x y z
S1 87.8 (0.98) 97.9 (0.27) 16.6 (1.66) 81.3 (5.19) 2.7 (2.21)
S2 87.3 (1.75) 97.7 (0.70) 13.1 (3.07) 80.6 (3.84) 1.6 (1.57)
S3 96.7 (1.75) 96.3 (2.13) 11.5 (2.02) 78.4 (5.41) 3.6 (4.32)
S4 84.8 (2.48) 97.1 (0.50) 19.9 (2.52) 71.7 (4.22) 2.3 (2.04)
Each data indicate the average of the 6 MEG sessions. SDs are shown in parentheses.
Fig. 3. The magnetic ﬁeld power for the test with the surround (dotted
curve) and for the test without the surround (solid curve) obtained for
the four subjects. The onsets of the test and the surround are indicated
by the arrows on the abscissa. Test contrast ¼ 0:4 (S1–S3) or 0.8 (S4):
surround contrast ¼ 0:8.
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(e.g., V4/V8) from V1/V2. One may speculate that the
deviation of the estimated dipole locations from the
calcarine sulcus might be due to that the amplitude of
the initial peak responses for these subjects was rather
low (less than half of those for S1 and S2; see Fig. 3),
resulting in the lower S/N ratio which might aﬀect the
accuracy of the estimation process. In addition, espe-
cially for S4, the shape of the occipital lobe might not be
well ﬁtted by the ‘spherical’ conductor model (see the
sagital section in Fig. 4). This might also inﬂuence the
precision of the estimation process. Anyway, the exact
reason for the individual diﬀerence in the estimated di-
pole location remains to be elucidated.
3.4. Control experiment: eﬀect of SOA
In the main experiment, the magnetic response for the
test (with the surround) was demarcated from that for
Fig. 4. Current source localizations obtained with a single dipole model. For each subject, source localization was carried out for each of the six
MEG sessions. This ﬁgure shows the representative results obtained in a single session for each subject (the averages of the data for the six sessions
are listed in Table 1). The estimated dipole location is indicated by a white circle, and the current direction is indicated by a white line. The peak
latency, GOF, and Talairach coordinates of the dipole location are (a) S1: 87 ms, 97.5% (15.5, 82.8, 1.1), (b) S2: 88 ms, 97.9% (15.7, 80.0,
3.7), (c) S3: 99 ms, 96.7% (11.2, 79.4, 3.7) and (d) S4: 82 ms, 96.2% (19.5, 71.2, 4.7).
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the surround by introducing the SOA between the sur-
round and the test. On the other hand, in previous sin-
gle-cell studies on surround suppression, the test and the
surround stimuli were usually presented simultaneously,
i.e., with an SOA of 0 ms (e.g., DeAngelis et al., 1994;
Fries et al., 1977; Knierim & Van Essen, 1992; Levitt &
Lund, 1997; Sillito, 1977). So, to conﬁrm that the sur-
round suppression of the magnetic response occurs with
an SOA of 0 ms, a control experiment was carried out.
In addition, to see how long the surround suppression
lasts from the onset of the surround, a longer SOA of
2000 ms was also employed. Two subjects (S1 and S2)
participated in the control experiment.
Fig. 5A shows the result for the SOA of 0 ms. In the
panels (a) and (b), the magnetic ﬁeld power for the two
subjects is plotted for the test without the surround
(solid curve), the test with the surround (dotted curve)
and for the surround (dashed curve) as a function of
time. For this SOA, the magnetic response for the test
with the surround shows the highest peak which clearly
includes the component responses evoked by the test
and the surround. To evaluate the suppressive eﬀect of
the surround on the test in this condition, we calculated
the diﬀerence between the magnetic response for the test
with the surround and that for the surround, and com-
pared the diﬀerence component with the response for the
test without the surround. For each channel, the diﬀer-
ence in the magnetic response was calculated by the
following equation,
DifferenceBiðtÞ ¼ Test with surroundBiðtÞ  SurroundBiðtÞ ð3Þ
and the magnetic ﬁeld power was obtained by using the
diﬀerence data in conjunction with Eq. (1). The two
curves in each of the panels (c) and (d) show the mag-
netic ﬁeld power for the test (solid curve; the same as in
the panels (a) and (b)) and that for the diﬀerence be-
tween the test with the surround and the surround
(dotted curve). For both the subjects, the peak ampli-
tude of the diﬀerence component, which is assumed to
delineate the magnetic response for the test per se ac-
companied by the surround, is smaller than that for the
test without the surround. The result shows that the
surround suppression occurs when the test and the sur-
round are presented simultaneously.
The panels (a) and (b) in Fig. 5B indicate the result
for the SOA of 2000 ms. The magnetic ﬁeld power shows
Fig. 5. (A) The results of the control experiment with SOA ¼ 0 ms. The onsets of the test and the surround are indicated by the arrows on the
abscissa. Test contrast ¼ 0:4: surround contrast ¼ 0:8. (B) The results of the control experiment with SOA ¼ 2000 ms. The onsets of the test and the
surround are indicated by the arrows on the abscissa. Test contrast ¼ 0:4: surround contrast ¼ 0:8.
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essentially the same characteristic as that shown in Fig.
3, except that the peak latency for the test (with/without
the surround) is increased precisely reﬂecting the longer
SOA. To show clearly the eﬀect of the surround, the
magnetic ﬁeld power in the range of 1900–2400 ms (from
the start of the MEG measurement) is indicated with a
ﬁner time scale in the panels (c) and (d). It is clear that
the response for the test with the surround is smaller
than that for the test without the surround, conﬁrming
the surround suppression. Given the results of the con-
trol experiment, one may say that the speciﬁc SOA value
of 500 ms used in the main experiment is not critical
in yielding the surround suppression of the magnetic
response.
3.5. Experiment 2: contrast dependence of surround
suppression
In the second experiment, we examined quantitatively
how the surround suppression depended on the contrast
of the test and the surround.
3.6. Experiment 2A: eﬀect of surround contrast
The magnetic response was measured while varying
the surround contrast over a wide range from 0.05 to
0.8. The test contrast was kept constant at 0.4 (S1–S3) or
0.8 (S4). For comparison, the magnetic response for the
test without the surround was also measured within the
same experimental session. Fig. 6 shows the results for
the four subjects; the left panels indicate the amplitude
and the right panels the latency of the initial peak of
the magnetic ﬁeld power as a function of the surround
contrast. For S1, each data point represents the average
of four MEG sessions, and the vertical bar denotes 1
SE. For the other subjects, each point represents the
value for a single session. The test contrast is shown by
the arrow on the abscissa.
Although the peak amplitude varies considerably
among the subjects (see the scales of the ordinates), the
functional form of the contrast vs. power function is
similar. As compared with the data for the test without
the surround (indicated by the leftmost data point), the
peak amplitude for the test with the surround is lower,
except for the S3 data for the lowest surround contrast
(0.05), and it decreases with increasing the surround
contrast. The result clearly indicates that the magnitude
of the surround suppression increases with increasing
surround contrast. On the other hand, the peak latency
remains practically constant for the two subjects (S1 and
S2) over the whole range of the surround contrast (in-
cluding 0% contrast). The peak latency for the other two
(S3 and S4) shows somewhat larger variation, but it does
not show any systematic dependence on the surround
contrast. These results replicate those of Experiment 1
and extend the latency invariance over the wider range of
change in the peak amplitude for the test with the sur-
round.
3.7. Experiment 2B: eﬀect of test contrast
For the surround with a constant contrast of 0.8, the
magnetic response was measured while varying the test
contrast. For S1–S3, the test contrast was varied from
0.1 to 0.8, while for S4 it was varied from 0.4 to 0.8,
since, for this subject, discernible response was not ob-
tained for the lower contrast levels. For comparison, the
magnetic response for the test without the surround was
also measured within the same experimental session.
Fig. 7 shows the results for the four subjects; the left
and the right panels indicate the initial peak amplitude
and latency as a function of the test contrast. The solid
symbols are for the test with the surround and the open
symbols are for the test without the surround. As in Fig.
6, the data for S1 represent the average values of four
Fig. 6. The peak amplitude (left panels) and the peak latency (right
panels) of the magnetic ﬁeld power as a function of the surround
contrast. The data are for the initial peak at around 90 ms. The left-
most point in each panel indicates the data for the test without the
surround. The test contrast is 0.4 (S1–S3) or 0.8 (S4) indicated by the
arrow on the abscissa.
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MEG sessions. The S3 data for the lowest test contrast
(0.1) are not shown because no discernible response was
obtained. The surround contrast is shown by the arrow
on the abscissa. For all the subjects, the peak amplitudes
for both the tests increase monotonically with increasing
test contrast. The contrast vs. peak power function for
the test with the surround appears to be displaced
downward relative to that for the test without the sur-
round with only a little change in the functional form.
The result indicates that the surround suppression is
nearly constant for all the test contrasts. For both the
tests, the peak latencies at each contrast level are nearly
the same, and they monotonically decrease with in-
creasing test contrast. An exception is the S4 data for the
test with the surround, which show an increase in the
latency at the highest test contrast. Since the peak am-
plitudes (or S/N ratios) for this subject and condition are
rather small, it is not clear whether the obtained laten-
cies point to an actual diﬀerence from those for the other
condition(s) and subjects. Overall, the surround sup-
pression is not accompanied by any systematic delay in
the peak latency.
Experiment 2 revealed rather robust surround sup-
pression of the magnetic response over the whole range
of the test and the surround contrast employed here. For
the constant test contrast of 0.4 (or 0.8 for S4), the
suppressive eﬀect was evident at the lowest surround
contrast of 0.05 (except for S3), and increased with in-
creasing surround contrast up to the highest level of 0.8
(Fig. 6). For the constant surround contrast of 0.8, the
suppressive eﬀect was evident at the lowest test contrast
(0.1 for S1 and S2, 0.2 for S3, and 0.4 for S4), and the
magnitude of the eﬀect remained approximately the
same up to the highest test contrast of 0.8 (Fig. 7).
4. Discussion
The present study demonstrates that the visually
evoked magnetic responses provide useful bits of
knowledge concerning the information processing of
stimulus contrast in the human visual cortex. Several
points in the results should be noted. First, the sup-
pressive eﬀect obtained in the present study diﬀers from
the eﬀect of reducing physical contrast, in that although
both the eﬀects gave rise to a reduction in the response
amplitude for the test, the former was not accompanied
by a change in response latency (Figs. 2, 3 and 6)
whereas the latter was tightly coupled with an increase
in the response latency (Fig. 7). Taking into account that
the eﬀects of reducing physical contrast may well include
response reduction and retardation within the retino-
geniculate pathway (as well as those within the visual
cortex), it is suggested that the surround suppression
without a response delay may be ascribed to the inhib-
itory spatial interaction which presumably occurs at the
early level(s) in the visual cortex (Fig. 4).
Second, since the surround suppression occurred not
only for the SOA of 0 ms, but also for the longer SOAs
of 500 and 2000 ms (Figs. 3 and 5), it is not due to a
direct inhibitory interaction between the initial transient
responses to the test and the surround. For the longer
SOAs, the magnetic responses to the surround disap-
peared almost completely before the test was presented,
but the suppressive eﬀect was clearly present. One pos-
sible explanation for the suppressive eﬀect at the longer
(and the shorter) SOAs may be that the sustained or
longer-lasting neural response to the surround 2 exerts
an inhibitory eﬀect on the initial transient response to
the test. If so, the surround suppression obtained here
Fig. 7. The peak amplitude (left panels) and the peak latency (right
panels) of the magnetic ﬁeld power for the test as a function of the test
contrast. The solid symbols are for the test with the surround and the
open symbols are for the test without the surround. The surround
contrast is 0.8 indicated by the arrow on the abscissa.
2 The putative sustained response was not captured by the present
MEG measurements. This may be because the direction of the evoked
currents from the neural population was orthogonal to the surface of
the brain, and/or because the responses of the individual neurons were
not synchronized.
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may represent a ‘sustained (to the surround) on tran-
sient (to the test)’ type interaction (cf., Breitmeyer, 1984;
Fig. 7.7). Finally, the surround suppression was ‘asym-
metric’ in that its magnitude depended on the surround
contrast but was largely independent of the test contrast
(Figs. 6 and 7).
4.1. Relation to neurophysiology
Levitt and Lund (1997) showed that the responses of
single neurons in the macaque V1 to the grating pre-
sented within their CRFs were markedly suppressed by
the surround grating outside the CRFs. They also found
that the suppressive eﬀect did not depend on the con-
trast of the center grating, i.e., the suppression from the
high-contrast surround grating (0.75) to the low-con-
trast center grating (below 0.4) was similar to that to the
high-contrast center grating (0.75). This is consistent
with the present result that the surround suppression of
the magnetic response was largely independent of the
test contrast.
DeAngelis et al. (1994) measured the surround sup-
pression for cat V1 cells as functions of contrast of the
test and the surround. The response to the test presented
within CRF reduced and then completely disappeared as
the surround contrast was increased. For each of the
diﬀerent contrasts of the surround, the response for the
test increased with increasing test contrast, yielding a set
of contrast vs. response functions which were approxi-
mately parallel. A comparison of these results (Fig. 10 in
DeAngelis et al. (1994)) with those of the present study
(Figs. 6 and 7) shows that the contrast dependence of
the surround suppression obtained for a single cell in the
cat V1 is qualitatively similar to that for the magnetic
response in the human visual cortex. There are, how-
ever, quantitative diﬀerences between the two; the
magnetic response for the test was not eliminated even
for the surround contrast as high as 0.8 (Fig. 6), and
the contrast vs. peak power function did not saturate
at the relatively low contrast of 0.4 (Fig. 7), beyond
which the single cell’s contrast response function became
asymptotic. Further, the contrast vs. peak power func-
tion in Fig. 7 may be described as subtractive inhibition,
while the contrast vs. response functions reported by
DeAngelis et al. (1994) were described as divisive inhi-
bition. We plotted the contrast vs. peak power function
on double logarithmic coordinates (log contrast vs. log
peak power) as in DeAngelis et al. (1994). In this plot,
the data for the test with the surround and the test
without the surround were represented by two approx-
imately parallel functions which were not widely diﬀer-
ent from those shown in Fig. 7. This suggests that, on
the double logarithmic coordinates, the surround sup-
pression of the magnetic response might be described by
a downward shift of the contrast vs. peak power func-
tion, which diﬀers from a rightward shift of the single
cell’s contrast vs. response function reported by DeAn-
gelis et al. (1994). These diﬀerences may be due to the
magnetic response being generated by a population of
neurons with various degrees of surround suppression
(e.g., Levitt & Lund, 1997; Li & Li, 1994; Sillito et al.,
1995), as well as with diﬀerent dynamic ranges for
stimulus contrast (Albrecht & Hamilton, 1982; Sclar,
Maunsell, & Lennie, 1990).
The present results indicated that the surround sup-
pression was evident in the very early phase of the
magnetic response around 90 ms which was only 	20 ms
after the onset of the initial response. Direct evidence for
the early development of the neural surround suppres-
sion was obtained by Knierim and Van Essen (1992),
who showed that the macaque V1 neuron response to
the line stimulus within CRF was reduced when the
stimulus was embedded with a collection of lines pre-
sented outside CRF. The time course of the responses
(peristimulus histograms) averaged over diﬀerent neu-
rons indicated a clear suppression of the initial peak at
the latency around 60 ms from the stimulus onset that
was only after 20 ms from the response onset (Fig. 15
in Knierim & Van Essen (1992)). This suppression at
the early component is consistent with our result for the
suppression of the magnetic response, although the
later, long-lasting component of the response (and its
suppression) reported by Knierim and Van Essen (1992)
was not revealed by the present experiments. 2
In sum, the results obtained in the present study are
generally in agreement with those of the previous V1-cell
studies of monkeys and cats. Together with the result for
the current source localization (Fig. 4), this supports the
suggestion that the surround suppression of the mag-
netic response may be ascribed to the inhibition of the
neural activity in the early processing stage, presumably
V1, in the human visual cortex. However, this does not
necessarily exclude other mechanisms such as those
suggested by Knierim and Van Essen (1992), e.g., sub-
cortical origin and/or feedback connections from V2.
Since these possibilities are not incompatible with the
early development of the suppressive eﬀect of the mag-
netic response, the underlying mechanism of the inhib-
itory interaction remains to be elucidated.
4.2. Relation to psychophysics
The surround suppression of the magnetic response
agrees qualitatively with the perceptual eﬀect of ‘con-
trast suppression by the surround’ which refers to the
phenomenon that the perceived contrast of a test stim-
ulus is reduced when the test is accompanied by a sur-
round stimulus whose contrast is higher than the test
(Cannon & Fullenkamp, 1991, 1993 Chubb, Sperling,
& Solomon, 1989; Ejima & Takahashi, 1985; Sagi &
Hochstein, 1985; Snowden & Hammett, 1998). How-
ever, the suppression of the magnetic response diﬀered
1834 Y. Ohtani et al. / Vision Research 42 (2002) 1825–1835
quantitatively from the perceptual suppression; in the
contrast range where the test was equal to, or higher
than the surround, the former was quite evident (cf.,
Fig. 7), but the latter is known to become reduced or
null (Cannon & Fullenkamp, 1993; Snowden & Ham-
mett, 1998). In addition, our preliminary experiments
(data not presented in this paper) showed that the peak
amplitude of the magnetic response for the test (e.g.,
physical contrast of 0.4) with the surround did not agree
with that for the test (without the surround) at ‘equiv-
alent contrast’, in which physical contrast was adjusted
(e.g., 0.2) in order to give rise to the same level of the
perceived contrast as the test with the surround. These
results indicate that, as far as the initial peak of the
magnetic response is concerned, the magnitude of
the surround suppression does not directly prescribe the
reduction of the perceived contrast of the test in the
presence of the surround.
A number of explanations are conceivable for the
lack of quantitative correspondence between the eﬀects
of the surround on the magnetic response and on the
perceived contrast. The perceived contrast may well be
contributed to not only by the initial component of the
cortical activities, but also by the later and sustained
components which may well contain neural activities
at higher cortical regions. Further, asynchronized re-
sponses evoked even by a large number of neurons
will not give rise to any discernible components in the
magnetic response. Thus, it is not surprising that the
change in the perceived contrast does not directly cor-
respond to that of the initial peak of the magnetic re-
sponse to which the present study was addressed.
Quantitative models of the human contrast perception
in terms of the cortical activity remain to be developed,
but we believe that the present study provides infor-
mative clues and constraints for such models.
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